Corticosteroids have been used for over 20 years in the treatment of patients with liver disease, and recent controlled clinical studies have provided strong evidence of a significant therapeutic effect of prednisolone in active chronic hepatitis (Mackay, 1968 ; Copenhagen study group for liver disease, 1969; Cook, Mulligan, and Sherlock, 1971) . However, little is known about the metabolism or plasma protein binding of prednisolone in patients with liver disease. Drug regimes and dosages vary widely and are chosen arbitrarily, often on the assumption that the biological half-life of the steroids is normal. It is widely assumed, although unproven, that prednisone is consistently converted to the biologically active prednisolone even by the diseased liver, and that these compounds are therefore equally effective therapeutically (Jenkins and Sampson, 1967) . Furthermore, the extent to which plasma protein binding of prednisolone is affected by the concurrent administration of other drugs such as azathioprine is unknown.
This paper reports the results of studies of the extent to which hepatic disease affects the biological conversion of prednisone to prednisolone, the degree of plasma protein binding of prednisolone in these patients, and the effects of azathioprine on plasma protein binding of prednisolone.
Methods and Patients Studied
Of the eight control subjects, three were informed healthy volunteers (medical graduates) and five were hospital inpatients without clinical or biochemical evidence of liver disease, for whom corticosteroid preparations had been prescribed for clinically showed no fall in prednisolone activity. In some subjects the plasma disappearance (TO) of pred-nisolone was measured after intravenous administration. The prednisolone used in these studies was in the disodium phosphate form.
PLASMA BINDING OF PREDNISOLONE
The percentage of protein-bound prednisolone in the patients' plasma one hour after drug administration was measured by equilibrium dialysis (McMenamy, 1968) . Four ml heparinized plasma was pipetted into a large test tube containing prednisolone-3H' (approximately 140 ng containing approximately 800 000 cpm in 0 1 ml ethanol). Four ml of Kreb's phosphate buffer pH 7.4 was then pipetted into a cellophane bag which was placed into the test tube. The test tube was rotated for 15 hours at room temperature (20'C) to allow equilibration of the steroid between plasma and buffer. The radioactivity in aliquots of buffer and plasma was then measured using Bray's scintillant (Bray, 1960 ) and a Nuclear Chicago mark II liquid scintillation counter. The cellophane did not bind prednisolone since all the radioactivity added was recovered from the plasma and buffer after 15 hours. This method was also used to study the degree of binding of prednisolone by pooled normal human plasma and the effect in vitro of adding azathioprine. Figure 1 shows the levels of plasma prednisolone reached after the aministration of 20 mg prednisone or 20 mg prednisolone in control subjects and patients with chronic liver disease. In both the controls and patients with inactive chronic disease (group 2) similar levels of plasma prednisolone were obtained after either drug was administered. In contrast, in patients whose disease was active at the time of study as judged by elevated serum levels of bilirubin and transaminase, significantly higher levels of plasma prednisolone were obtained after prednisolone administration than after prednisone ( Figs. 1 and 2 ). In addition, the peak prednisolone levels (usually at one hour) were significantly higher in the patients with acute or active disease (groups 1 and 3) compared with those patients with inactive disease (group 2) and control subjects (Table I) (t = 2.46; p = 0.01). Plasma levels of prednisolone one hour after prednisone administration were lower in patients than controls (for groups 1, 2, and 3 versus controls t = 2.04; p < 0.05) and the peak levels often occurred later than after prednisolone (Figs. 1 and 2).
Results

CONVERSION OF PREDNISONE TO PREDNISOLONE
'Specific activity 2.5 Ci/m mol, obtained from Radiochemical Centre, Amersham, England. In the group with active chronic liver disease the levels are significantly higher after prednisolone than after prednisone at one and two hours (t = 3-6 and 2.6; p < 0n0J and < 0.05 respectively). Under the in vitro experimental conditions used 53.5% of the prednisolone in the plasma of control subjects one hour after administration was protein bound (Table I) . Similar results were obtained in patients with acute hepatitis and those with 'inactive' chronic disease. In contrast, patients with 'active' chronic hepatocellular disease had significantly less prednisolone bound to plasma proteins (t = 2.48; p < 0.05). For all patients there was a significant correlation between the extent of plasma binding of prednisolone and the serum albumin concentration (Fig. 3) .
There was no significant difference in the level of prednisolone obtained in those patients who had been taking other drugs (diuretics and hypnotics) up to the time of the study compared with those without previous drug therapy. Azathioprine did not affect the binding of prednisolone by plasma proteins in vitro when added in concentrations up to 2 uM (Fig. 4) (Boyer and Klatskin, 1971 ). The first study was performed during this admission (Fig. 5 ). Higher levels of plasma prednisolone were obtained after administration of prednisolone than after prednisone and the peak plasma level occurred later with prednisone. She was subsequently treated with prednisolone 40 mg/day reducing to a maintenance dose of 15 mg/day and after two months the serum levels of bilirubin, albumin, and transaminase had returned to normal. However, repeat liver biopsy in Fig. 3 Relationship between plasma prednisolone level and serum albumin concentration in patients with liver disease (Table I) Table l and text).
November 1971 showed the presence of an active 'aggressive' perilobular hepatitis with cirrhosis. The prednisolone studies were repeated at this time and again higher levels of serum prednisolone were obtained after administration of prednisolone than after prednisone (Fig. 5) . However, the levels reached in the plasma and amount of unbound steroid were lower than in the first study. When reassessed in March 1972 the patient was still asymptomatic, serum biochemical values were normal, and a further percutaneous liver biopsy revealed cirrhosis with considerably less inflammatory infiltrate. On this occasion the pattern of serum prednisolone levels after administration was similar to that in normal subjects (Fig. 5) .
Discussion
The pharmacological basis of corticosteroid therapy in liver disease presumably depends on achievement of an adequate plasma level of unbound drug which is the biologically active moiety: in the case of prednisone its conversion to prednisolone in the liver is necessary in addition before biological activity. However, little attention has been given to the metabolism and plasma protein binding of prednisone and prednisolone in patients with liver disease. This is surprising in view of the fact that the metabolic fate of cortisol analogues may be considerably different from that of cortisol itself (Sandberg and Slaunwhite, 1957; Cope, 1964) . Jenkins and Sampson (1967) reported that, although lower plasma levels of cortisol were obtained after the administration of cortisone than after cortisol, prednisone appeared to be converted to prednisolone with a high degree of efficiency. However, these authors studied only two patients with liver disease, one with hepatitis and one with cirrhosis, and no details of severity of the illnesses were given. Similarly, Peterson (1960) studied the metabolism of prednisolone in only one patient with cirrhosis (and he found it slower than normal) and Bunim, Pechet, and Bollet (1955) did not include patients with severe hepatic disease in their series.
In the present study significantly higher plasma levels of prednisolone were obtained after oral administration of prednisolone than after prednisone in patients with acute or active liver disease. It seems likely that this was due both to impairment of the hepatic enzyme 11 fl-hydroxydehydrogenase, which renders the 1 1-oxosteroids cortisone and prednisone biologically active, and also impairment of ring A reduction of prednisolone, for the following reasons: (a) The plasma prednisolone levels one hour after oral prednisone administration were lower in patients with liver disease than in control subjects (Table I) .
(b) The peak plasma prednisolone tended to occur later, ie, at two hours, in patients with liver disease after oral prednisone compared with plasma levels after oral prednisolone.
(c) The intestinal absorption of prednisone does not differ markedly from prednisolone (Shedl and Clifton, 1961) .
(d) The Ti for prednisolone was prolonged in two of three patients with liver disease studied, as was found in one patient by Peterson (1959) . Probably of even greater practical importance is the finding that higher plasma levels of unbound (and therefore biologically active) steroid were obtained in patients with acute disease. Several factors probably contributed to this difference. First, there were significantly higher total levels of prednisolone in patients with active disease (Table I) and this would therefore lead to a higher percentage of circulating unbound drug (see Fig. 4 ). Secondly, there was a significant positive correlation between the proportion of bound prednisolone and serum albumin levels; therefore with lower serum albumin concentrations there is more unbound corticosteroid in plasma. Lewis, Jusko, Burke, and Graves (1971) showed that there was a correlation between the frequency of side effects from corticosteroids, the mean daily prednisone dose, and the serum albumin levels in a group of patients treated with corticosteroids for various diseases. When the serum albumin concentration was less than 2 5 g/100 ml the frequency of side effects was doubled. They concluded that the low protein binding of prednisolone due to hypoalbuminaemia was a major contributing factor to the increased incidence of side effects in these subjects, although they suggested that, in addition, the low albumin levels may be a marker for impaired liver cell function and therefore altered steroid inactivation. Our findings support this conclusion since the serum albumin concentrations and degree of plasma protein binding were lower in patients with active and acute disease than in the 'inactive' group. A further factor which may have contributed to the higher plasma levels of unbound steroid was the effect of the hepatic disease on corticosteroid-binding globulin, the synthesis of which also occurs in the liver and may be impaired in hepatic disease.
Our data provide support for the empirical findings of Cook et al (1971) that low-dose corticosteroid therapy is effective in active chronic hepatitis and is associated with a low complication rate. Patients with acute or active disease have more unbound drug in the plasma, especially if the serum albumin concentration is low. However, these authors recommended that steroid doses be adjusted on the basis of the serum albumin and globulin levels, larger doses being given when the serum albumin was low since this is a reflection of more severe hepatocellular disease. From the present studies it would seem that this practice is likely to lead to a substantial increase in the level of circulating unbound prednisolone with a substantial increase in side effects. It is suggested, therefore, that when treating patients with severe or active disease, prednisolone should be used routinely and that the dose administered should be adjusted by small increments such as 1 to 2 mg per day until satisfactory control is achieved with minimum toxic effects.
Since azathioprine appears to have a significant beneficial effect in patients with active chronic hepatitis when used with corticosteroids (Mackay, 1968) , but less so when used alone (Sherlock, 1971) , we thought it possible that the two drugs might interact. The present study has shown that azathioprine has no effect in vitro on the binding of prednisolone by normal human plasma, and it seems unlikely therefore that the reported beneficial effect of this drug in liver disease is due to any resultant alteration in the level of unbound circulating corticosteroid. However, this does not exclude the possibility that azathioprine affects the hepatic metabolism of prednisolone and other corticosteroids.
Alternate-day corticosteroid regimes have been shown to produce beneficial results with fewer toxic effects in patients with non-hepatic diseases such as bronchial asthma and myasthenia gravis (Warmolts and Engel, 1972) . From our findings we deduce that these regimes would result in very high levels of unbound steroids for short periods. Such studies would be of interest in patients with hepatic disease since toxic effects are relatively common in this group. It is still uncertain whether, in treating patients with liver disease with corticosteroids, it is preferable to maintain a constant plasma level of unbound steroid or to produce very high levels intermittently.
